Abstract-Grid mixer arrays can achieve high linearity and dynamic range through quasi-optical power combining. We present a 100-element single-ended diode grid mixer operating at 2.45 GHz.
I. INTRODUCTION AND MOTIVATION
THE AVAILABILITY of low-noise HEMT amplifiers operating as high as 215 GHz [1] has made mixer noise performance a secondary consideration in receiver design. Today, a new mixer performance issue -linearity -has become a primary concern [2] . Linearity is especially critical in high-capacity wireless communication systems where intermodulation can cause significant adjacent-channel interference, and also in jam-resistant radar front ends. Another active area in mixer research is the development of new circuit topologies that do not require baluns, transformers, or couplers. These components are generally not amenable to monolithic integrated circuit technology, which favors planar circuits.
Quasi-optical mixer grids directly address both issues. Several researchers [3] - [7] have shown that quasi-optically fed mixers can be made planar, eliminating the need for complicated transformers, baluns, or couplers. All of these mixers have been single-element devices or focal-plane arrays-no power combining was performed. The linearity is therefore not extended.
Quasi-optical mixer grids and arrays [8] - [11] should increase the power-handling capability in proportion to the number of elements combined. Because the conversion loss and noise figure of these arrays are comparable to those of a single device, the dynamic range is therefore extended. The price is an increased LO drive power requirement. For example, Hacker et al. have conclusively demonstrated dynamic range extension in a single-ended grid mixer incorporating 100 Schottky diodes [8] . Compared to a single-diode microstrip mixer, this grid showed nearly a 20-dB improvement in dynamic range. Further evidence is illustrated in Figure 1 , which shows the third-order intercept improvement as a function of number of elements combined for a grid mixer. The grid configuration was very similar to the balanced grid reported in [11] . Three arrays with identical unit cells but differing overall sizes were tested: a 4-by-4, a 6-by-6, and an 8-by-8 grid. The points fall within 1 dB of theory. The measured conversion losses of each array varied by less than 1 dB. These data further support our claim that power-handling capability should scale in proportion to the number of elements in the array.
In this paper, we present a highly linear 100-element single-ended grid mixer operating at 2.45 GHz. The grid takes advantage of quasi-optical power combining to achieve an input third-order intercept of 11 W (40.5 dBm) and an associated conversion loss of 5.1 dB. The intercept power is 100 times larger than that of a microstrip mixer using a single element, with a comparable conversion loss. The grid's output third-order intercept power is 3.4 W (35.4 dBm); this figure is 13 dB greater than that of the grid mixer reported in [8] . Quasi-optical mixer grids similar to this may find application in high-linearity communications systems or jamresistant radar front ends.
II. GRID CONSTRUCTION
The topology of the array is based on the grid reported in [8] , and is shown in Figure 2 . The array is constructed on a 1.9-mm-thick Roger's Duroid substrate with a relative dielectric constant of 10.5. The radiated RF and LO beams are co-polarized and are incident normal to the array surface. A mirror placed behind the array acts as a tunable backshort This work performed when the authors were with the Electrical Engineering Department, University of Hawaii, Honolulu, HI 96822 USA.
to better couple the power incident on the array. Each unit cell is 12.2 mm on a side and uses a bow-tie antenna to couple to the RF and LO beams. The mixing element is a packaged set of two high-barrier diodes in series (Metelics MSS60-248-E28). The IF signal is taken from lines at the top and bottom edges of the array; these lines are also used to provide bias to the diodes. The grid was designed with the aid of Ansoft's High-Frequency Structure Simulator (HFSS) to operate at 2.45 GHz.
III. MEASUREMENTS

A. Conversion Gain
The grid was measured in the far field of two horns: one for the LO signal and one for the RF signal. For higher LO power requirements we used a 200-W tube. The mirror position was adjusted for peak conversion gain at 2.45 GHz. Figure 3 shows the measured conversion gain as a function of LO drive power per element. The LO frequency is 2.45 GHz, and the IF frequency is 10 MHz (upper sideband). The peak conversion gain is 5.1 dB. The conversion gain of a microstrip mixer with a single element is also shown for comparison. The conversion gain of the array is very similar to microstrip mixer, and the peak gains match. The grid was biased with an 18.1-V supply with a 100-Ohm series resistor. The grid drew 45 mA from this supply at LO powers below 0 dBm per element. The current increased with higher LO drive levels, reaching 120 mA at 12 dBm per element. The response is quite symmetric about 2.45 GHz, and the double-sideband 3-dB bandwidth is 350 MHz (14.3%).
B. Angular Dependence
The quasi-optical mixer also acts as a receiving antenna. We measured how the IF signal power varies as a function of incidence angle. Two cases are presented. In the first case, shown in Figure 5 , the angle of both the RF and LO are changed together. In the second case, shown in Figure 6 , the LO angle is fixed at normal incidence, and the RF angle of incidence is varied.
The theoretical patterns are generated assuming the RF and LO are matched at normal incidence and then considering how the angle of incidence will affect the match, as shown in Figure 7 . A transmission line represents the grid-mirror spacing d; this distance was measured to be 8 cm. The impedance Z O and electrical length βl of this line will depend on the incidence angle in the standard way for TE-polarized waves. Because it is electrically short, the substrate can be neglected. A simple p arallel resistance and reactance represents the grid. These parameters are chosen so that the grid is matched at normal incidence, and do not change with angle. This analysis is similar to the one developed in [12] for grid amplifiers. To generate a theoretical pattern for Figure 5 , we note that since the angle and frequency of the two signals are almost identical, the phase differences between the two will not depend on the angle, and there should be no array factor. The matching circuit of Figure 7 solely determines the theoretical pattern. The IF power pattern P(θ) is given by:
where ρ(θ) is the voltage reflection coefficient. The quantity is squared because the RF and LO match are affected in the same way, and we assume the IF power will be proportional to the product of the RF and LO powers. This assumption is valid for the very low LO power levels ( -15 dBm per element) at which these measurements were taken [13] . The nulls in the patterns are caused by the mirror spacing d (8 cm) being greater than one half wavelength from the grid. The pattern for Figure 6 , on the other hand, will include an array factor to account for the RF signal's phase variation across the array's surface. In this case, the IF power pattern P(θ) will be given by:
where AF(θ) is the power pattern of a linear array of 10 uniform antennas spaced 12.2 mm apart. The agreement between theory and experiment for both cases is quite reasonable.
C. Linearity
We use a standard two-tone third-order intercept measurement to characterize the array's linearity. Two equalamplitude RF signals are used to generate IF signals at 9 and 11 MHz. Nonlinearity in the mixer will cause spurs in the IF at 7 and 13 MHz; these spurs will grow in proportion to the third power of the RF signal strength. Because the mixer array is highly linear, we use a 7-MHz bandpass filter to overcome dynamic-range limitations in our measurement system. The input third-order intercept power is shown in Figure 8 , compared to the results from the microstrip mixer. The peak input third-order intercept power is 11 W (40.5dBm) at an LO power of 14 mW (11.6 dBm) per element. The LO power requirement for the entire array is 100 times larger. The improvement over the single-element microstrip mixer varies between 17 and 22 dB, in good agreement with the expected improvement of 20 dB. Figure  9 shows the output third-order intercept power. Here the peak is 3.4 W (35.4 dBm), consistent with the 5.1-dB conversion loss. This power is 13 dB larger than the power reported for the grid mixer in [8] . Again, the improvement over the microstrip version is on the order of 20 dB. We suspect these intercept powers could be further increased with more LO drive.
IV. CONCLUSION
We have presented a highly linear 100-element singleended grid mixer operating at 2.45 GHz. Each element consists of two high-barrier diodes in series. Quasi-optical power combining enables the grid to achieve an input thirdorder intercept of 11 W (40.5 dBm) and an associated conversion loss of 5.1 dB. This power is 100 times larger than that of a microstrip mixer using a single element, with a comparable conversion loss. High-power quasi-optical mixer grids similar to this may find application in high-linearity communications systems or jam-resistant radar front ends. 
